We investigated the impacts of predicted ocean acidification and future warming on the quantity and nutritional quality of a natural phytoplankton autumn bloom in a mesocosm experiment. Since the effects of CO 2 -enrichment and temperature have usually been studied independently, we were also interested in the interactive effects of both aspects of climate change. Therefore, we used a factorial design with 2 temperature and 2 acidification levels in a mesocosm experiment with a Baltic Sea phytoplankton community. Our results show a significant timedependent influence of warming on phytoplankton carbon, chlorophyll a, and particulate organic carbon. Phytoplankton carbon, for instance, decreased by more than half with increasing temperature at bloom time. Additionally, elemental carbon to phosphorus ratios (C:P) increased significantly, by approximately 5 to 8%, due to warming. Impacts of CO 2 or synergetic effects of warming and acidification could not be detected. We suggest that stronger grazing pressure induced by temperature was responsible for the significant decline in phytoplankton biomass. Our results suggest that the biological effects of warming on Baltic Sea phytoplankton are considerable and will likely have fundamental consequences for trophic transfer in the pelagic food web.
INTRODUCTION
Ocean acidification, also known as 'the other CO 2 problem', is caused by an increasing uptake of CO 2 by surface water due to rising atmospheric CO 2 partial pressure. The uptake of CO 2 leads to increased aqueous CO 2 , bicarbonate (HCO 3 − ), and hydrogen ion (H + ) concentrations, while the concentration of carbonate ions (CO 3 2− ) declines. The increase of H + ions has caused acidification of the surface water, with an overall decline of 0.1 pH units since the preindustrial period (Caldeira & Wickett 2005) associated with a substantial decrease in carbonate ion concentration of 30% (Hoegh-Guldberg & Bruno 2010) . As atmospheric CO 2 is predicted to rise from current values of approximately 390 ppm to values of 700 ppm by the end of the 21 st century (IS92a scenario; Meehl et al. 2007 ), pH will decrease further by 0.3 to 0.4 U (Hama et al. 2012) . Parallel to ocean acidification, sea-surface temperature has already increased by 0.6°C in the last 100 yr (Hoegh-Guldberg & Bruno 2010) . A doubling of atmospheric CO 2 in the 21 st century is predicted to accompany a rise in the estimated average global ocean surface temperature of 2 to 4.5°C (IPCC 2007 (IPCC , 2014 .
So far, only a few studies have analyzed the combined effects of both factors on marine primary producers (Hare et al. 2007 , Feng et al. 2008 , Torstensson et al. 2012 , although sea-surface pH and temperature will change in parallel in a future 'greenhouse' world. Instead, many studies have addressed the biological effects of either ocean acidification or warming in particular on phytoplankton species composition and biomass. These studies indicate that CO 2 can act as a stressor, in particular for calcifiers, but in cases where it is a limiting resource, it can also have a fertilizing effect. Altered survival, calci fication, growth, development, and abundance have been observed across marine species in response to acidification (Kroeker et al. 2010 (Kroeker et al. , 2013 . The magnitude of responses, however, varied significantly among species. Whereas growth of calcifying taxa was, on average, negatively affected by rising CO 2 , growth of fleshy algae and diatoms increased (Kroeker et al. 2013) . In natural Antarctic phytoplankton communities, Tortell et al. (2008) found an increase in growth of larger chain-forming diatoms, resulting in a species compositional shift from a dominance of small pennate diatoms (Pseudo-nitzschia subcurvata) to a dominance of large centric species (Chaetoceros spp.). Concordantly, in natural oceanic phytoplankton assemblages, Eggers et al. (2014) found a CO 2 -induced increase of total phytoplankton biomass that was driven by a shift towards largesized diatoms, especially Chaetoceros spp. and Thalassiosira constricta. In contrast to these observations, Schulz et al. (2013) observed no positive CO 2 effect on diatom biomass in a natural arctic plankton community. Instead, the pico-eukaryote biomass in creased under en hanced CO 2 . It should be noted, however, that the study was conducted in a post-bloom situation in which the initial diatom abundance was naturally very low (< 0.5 µmol C l −1 ).
Increasing CO 2 can also increase the efficiency of phytoplankton in the use of limiting nutrients to fix carbon. This, consequently, can result in higher elemental carbon to nitrogen (C:N) ratios (Tortell 2000) . Increased C:N ratios with elevated CO 2 were also found by Eggers et al. (2014) in their experiment with natural oceanic phytoplankton communities. In natural phytoplankton assemblages from the Arctic, however, a significantly lower C:N ratio could be shown (Schulz et al. 2013 ). Similar to the study above (Eggers et al. 2014) , higher elemental ratios of nitrogen to phosphorus (N:P) as well as carbon to phosphorus (C:P) were observed under high CO 2 for the arctic assemblage.
Increased water temperature is expected to change the distribution and abundance of phytoplankton communities as well as their phenology and productivity (Hoegh-Guldberg & Bruno 2010) . Most studies that have tested warming on plankton communities have focused on the development of the spring bloom (see Lewandowska & Sommer 2010 and re ferences therein), as this is one of the most important seasonal patterns in pelagic food webs. Mesocosm experiments with Baltic Sea spring phytoplankton showed a significant decrease in total phytoplankton biomass, as well as a shift towards picophytoplankton and small nanophytoplankton (< 5 µm) (Sommer & Lengfellner 2008 , Lewandowska & Sommer 2010 , Sommer & Lewandowska 2011 . Both the decrease in biomass and the species shift were interpreted as footprints of more intensive grazing by copepods and ciliates under warming (Keller et al. 1999 , Lewandowska & Sommer 2010 . It was also observed that warming acce lerated the occurrence of the phyto plankton bloom peak by approximately 1 d per degree Celsius (Sommer & Lengfellner 2008 , Sommer & Lewandowska 2010 . The altered growth rates observed by Eppley (1972) and Torstensson et al. (2012) indicate that increasing water temperature may also shift the competitive advantage between different algal species.
Although summer experiments with Baltic Sea communities are scarce, the results published so far have not confirmed a negative relationship between biomass and temperature, as reported for the spring bloom (Taucher et al. 2012) . Predictions of the influence of rising temperatures on autumn phytoplankton communities are completely lacking. Community studies that include changes in cellular stoichiometry under warming conditions are also rare, even for spring blooms. Wohlers-Zöllner et al. (2012) found a lower mean particulate C:P ratio with warming in mesocosm studies with phytoplankton spring communities.
Addressing both factors, CO 2 and temperature, simultaneously, the meta-analysis by Kroeker et al. (2013) showed a strong trend towards lower growth rates and development at elevated temperature and CO 2 , when all marine taxa are pooled together. The results also highlight a trend towards en hanced sensitivity to acidification with warming.
For phytoplankton in particular, contrasting and species-specific results have been found. The growth rate of the calcifier Emiliania huxleyi increased in response to higher temperature as well as to elevated CO 2 , but an interaction effect among the parameters has not been found (Feng et al. 2008) . In contrast, growth rates of the diatom Navicula directa in creased by 43% under warming, but decreased by 5% under acidification (Torstensson et al. 2012) . In bottle experiments with a natural North Atlantic spring bloom community, a trend of increased total chlorophyll a (chl a) was found under greenhouse conditions, i.e. increased temperature and CO 2 , but no change was observed when just one of the parameters was manipulated (Feng et al. 2009 ). According to a bottle ex periment by Hare et al. (2007) , warming alone and in combination with acidification led to substantial increases in carbon fixation rates in a natural Bering Sea summer phytoplankton experiment. Further, a shift from diatom to nanophytoplankton dominance was de -tected. However, mesocosm experiment studies based on natural plankton communities combining CO 2 and temperature are, in general, still scarce.
Our study site, Kiel Fjord, western Baltic Sea, is known as a naturally CO 2 -enriched area. Here, CO 2 concentrations fluctuate strongly and are elevated during much of the year (Thomsen et al. 2010 (Thomsen et al. , 2013 . Due to high primary productivity caused by eutrophication in this area, amplified community respiration leads to a significant consumption of pO 2 and, at the same time, to a strong increase of CO 2 below the thermocline (HELCOM 2009 , Thomsen et al. 2013 . Typical winds from the southwest lead to upwelling events in which CO 2 -enriched bottom water is brought to the surface of the otherwise seasonally stratified coastal waters (strong temperature and sal inity gradients). During summer and autumn, temporal CO 2 maxima exceed > 2300 ppm, leading to a pH < 7.5. Average CO 2 in summer and autumn exceeds 700 ppm (Thomsen et al. 2010) . In this respect, the Kiel Fjord may be considered an analogue for the more acidic ecosystems of the future (Thomsen et al. 2010) .
We tested the combination effects of warming and acidification on autumn phytoplankton biomass by crossing the factors temperature (9 and 15°C) and CO 2 (560 and 1400 ppm) to test the following hypotheses: (1) warming leads to a decrease in biomass and an earlier bloom; (2) rising CO 2 will in crease phytoplankton biomass; (3) there is a synergetic effect of future warming and acidification on biomass; and (4) the quality of phytoplankton biomass, in terms of cellular stoichiometry, is influenced by rising temperature and CO 2 .
MATERIALS AND METHODS

Experimental design
In order to address our hypotheses, 2 different temperature regimes (9 and 15°C) and 2 CO 2 levels (i.e. target values 560 and 1400 ppm CO 2 ) were full-factorially manipulated using natural Baltic Sea phytoplankton assemblages in indoor mesocosms, each with a volume of 1400 l and a surface area of approximately 1.54 m 2 . Each treatment combination was replicated 3-fold (n = 3). The resulting setup of 12 mesocosms (designated M1 to M12) was installed in 4 temperature-controlled culture rooms.
Prior to experimental treatments mesocosms were filled with unfiltered natural seawater (salinity: 19.7) from the Kiel Bight, western Baltic Sea. The water contained the natural autumn plankton community, in cluding phytoplankton (photosynthetic bacteria and algae), bacteria, and protozoa. To minimize differences among the starting community compositions and densities between the mesocosms, prior to the actual filling, water from approximately 2 m depth was gently pumped into a mixing chamber by a rotary pump. From this chamber, water was simultaneously pumped into each of the mesocosms. Mesozooplankton from net catches (Kiel Bight) was added, mimicking natural densities, i.e. 20 ind. l −1 . Each mesocosm was covered by a PVC cover (polyvinyl chloride, light-permeable) containing a sampling port which remained closed between sampling events. After filling (19 October 2012; hereafter, Day −3), all mesocosms had similar temperatures and CO 2 contents. The following 3 d were used for applying the temperature and CO 2 manipulations and reaching divergence between the treatment levels.
The temperature regimes were 9 and 15°C, representing 3°C above and below the actual water temperature of Kiel Bight on the filling day (Day −3). Temperature deviation in a mesocosm between Day 0 and Day 21 (last experimental day) was a maximum of ± 0.3°C. Maximal temperature deviation between mesocosms in the same temperature treatment was 0.3°C (for the warm treatment) and 0.4°C (for the cold treatment). In order to obtain the targeted CO 2 levels, the headspace between cover and water surface received a flow of 30 to 60 l h −1 of 2 different mixtures of air and CO 2 (560 and 1400 ppm CO 2 ). Due to incomplete CO 2 equilibration with the headspace, mean values between Experimental Days 0 to 21 in the water were 439 ppm (SD = 187) for low CO 2 and 1040 ppm (SD = 210) for high CO 2 , with maxima of 686 and 1400 ppm during the experimental runtime. The average low CO 2 value was slightly higher than the mean present-day atmo spheric level. However, as mentioned before, surface water in the Kiel Bight, on average, exceeds 700 ppm during summer and autumn (Thomsen et al. 2010 ). The high CO 2 level conformed to the IPCC prediction (Scenario IS92a, atmospheric CO 2 : 788 ppm) for the year 2100, when surface seawater CO 2 in the Baltic Sea is predicted to reach 1400 ppm and higher (Thomsen et al. 2010 , Melzner et al. 2013 . To balance the natural drawdown of CO 2 by phytoplankton production, over the course of the experiment, CO 2 -enriched water was added to the high CO 2 mesocosms 3 times (Days 7, 11, and 18). For this purpose the same amount of water was taken out of each mesocosm and consecutively filtered (0.2 µm pore size). The water was then CO 2 -saturated by bubbling and transferred (with a measuring cylinder, beneath the water surface) back into the mesocosms.
The re qui red volumes were calculated on the basis of DIC (dissolved inorganic carbon) and alkalinity (Tables S1 & S2 in the Supplement at www.int-res.com/ articles/ suppl/m528p039_supp.pdf).
Over the course of the experiment, light was supplied by computer-controlled light units (GHL Groß Hard-und Softwarelösungen; Lampunit HL3700 and ProfiluxII). Each light unit consisted of 5 HIBay-LED spotlights (purpose-built item of Econlux, 100 W each). Above each of the mesocosms 1 light unit was in stal led. Daily irradiance patterns were computer control led (GHL, Prometheus) and stayed constant over the course of the experiment. The light−dark cycle was 11 h 50 min:12 h 10 min. Light supply and day length were aligned to the seasonal light patterns calculated in the astronomic model of Brock (1981) , which conformed to 50% of solar irradiance of an approximated cloudless 21 September. Daily maximum light intensity was 252 µmol m −2 s −1 , measured in the middle of the water column (0.7 m below the PVC cover).
An automatic and gently moving propeller reduced phytoplankton sedimentation, assured its homogen eous distribution, and simulated natural water movement. The experiment ended after 24 d, when the phytoplankton bloom was over. Additionally, wall growth of periphytic microalgae (patches of a thin biofilm in all mesocosms) and sedimentation (mainly material remaining from the bloom, which appeared long after the bloom peak in the final days of the experiment) became visible; if the runtimes had been longer, this would potentially have influenced the carbon balance and nutrient availability for phytoplankton.
Sampling and measurements
Water temperature, salinity, and pH were measured daily. For pH measurements the electrode was calibrated daily using standard pH buffers (pH 3, pH 7, pH 9; WTW). At least 1 h prior to measurements the electrode was placed in the climate room to adapt to the given temperature. Samples for phytoplankton biomass variables, i.e. relative fluorescence (as a control, data not shown here), particulate organic carbon (POC), chlorophyll a (chl a), and phytoplankton carbon (microscopy and flow cytometer) were taken 3 times a week (Monday, Wednesday, Friday), resulting in a total of 10 samplings over the course of the experiment. Samples for inorganic dis sol ved nutrients, particulate organic phosphorus (POP), particulate organic nitrogen (PON), and as such for determining ratios among the particulate elements (i.e. C:N, C:P, N:P), were also taken 3 times a week.
Carbonate system
For measurements of total DIC, 10 ml samples were filled into a glass vial (Resteck) using a peristaltic pump with a flow rate of 6 ml min −1 . The intake tube of the pump contained a single-use syringe filter (0.2 µm, Sartorius). Filtered samples were poisoned with saturated HgCl 2 solution (20 µl), the vial was crimped with a headspace <1%, and stored in the dark at 4°C. DIC was measured following Hansen et al. (2013) using a SRI-8610C (Torrence) gas chromatograph. For total alkalinity (TA), 25 ml samples were filtered (Whatman GF/F filter, 0.2 µm) and titrated at 20°C with 0.05 M HCl solution (Dickson 1981 , Dickson et al. 2003 in an automated titration device (Metrohm Swiss mode). The remaining carbonate parameter pCO 2 was calculated using CO2 -SYS (Pierrot et al. 2006 ) and the constants supplied by Hansson (1973) and Mehrbach et al. (1973) , which were refitted by Dickson & Mil lero (1987) , and the KSO 4 dissociation constant from Dickson (1990) .
Measures of phytoplankton biomass
Relative fluorescence was measured immediately after sampling using a fluorometer 10-AU (Turner Design). For chl a measurements, 250 ml water was filtered (Whatmann GF/F filters) and stored at −20°C until analysis. Prior to the photometrical measurements (HITACHI, U2900) filters were put into 8 ml acetone (90%) for 24 h in the dark at 6°C. Chl a content was calculated following Jeffrey & Humphrey (1975) .
Abundance of small phytoplankton (< 5 µm) was assessed by a flow cytometer (FACScalibur, Becton Dickinson) immediately after sampling, distinguished according to cell size (spherical diameter, FSC value) and pigment fluorescence (chl a and phycoerythrine). Larger phytoplankton (> 5 µm) were counted microscopically (>100 ind. for common taxa) from Lugolfixed samples in Utermöhl chambers using an inverted microscope (Utermöhl 1958) . Phyto plankton carbon was calculated by first converting cell abundances obtained from flow cyto metry and microscopy to biovolume by multiplying cell numbers with linear measurements taking the nearest geometric standard (Hillebrand et al. 1999) . Biovolume was then converted into carbon content according to Menden-Deuer & Lessard (2000) , i.e. C = 0.288V 0.811 for diatoms and C = 0.216V 0.939 for other phytoplankton (C is carbon content in pg, V is cell volume in µm 3 ). As 180 µm 3 is the smallest cell size included in the analysis of Menden-Deuer & Lessard (2000), their non-linear models predict unrealistically high C for smaller algae. Therefore, conversion factors of 0.108 pg C µm −3 for diatoms and 0.157 pg C µm −3 for all other organisms were used for phytoplankton cells <180 µm 3 (Sommer et al. 2012b ).
Particulate organic matter
For POC, PON, and POP 100 to 250 ml water (volume depending on plankton density) were filtered onto pre-washed (in 5 to 10% HCl) and pre-combusted (6 h, 550°C) Whatman GF/F filters. POC and PON were simultaneously determined by an element analyzer (Thermo Scientific Flash 2000) . POP was measured colorimetrically at 882 nm following Hansen & Koroleff (1999) . , and phosphate (PO 4 − ) 20 ml water was filtered through cellulose acetate filters (Sartorius) and immediately frozen at −20°C. Samples were measured following the protocols of Hansen & Koroleff (1999) .
Dissolved inorganic nutrients
Growth rate
Growth rates were determined for all measures of biomass (i.e. chl a, phytoplankton carbon, POC) by fitting the ascent part of the bloom to the sigmoidal growth model such that:
where V indicates the measure of biomass, t is time, a is maximum biomass (i.e. carrying capacity), b is initial biomass, and c is growth rate. For this purpose, data from the first sampling day until the day after maximum biomass were used. Bloom time was defined as the time, i.e. the day, of highest biomass of each single mesocosm. From this, mean values of bloom time were calculated for the 4 treatments. For maximum biomass, the highest measured value (during bloom) of each mesocosm was taken, independent of the experimental day.
Data analysis
In order to test for treatment effects and to ac count for possible time dependence of the measured response variables (phytoplankton carbon, chl a, POC, C:N, C:P, N:P) a generalized least squares (gls) model (nlme package, R) with the factors time (continuous), temperature and CO 2 (both categorical), and the interactions CO 2 × tempe rature, time × temperature, and time × CO 2 was ap plied. Prior to analyses, the optimal variance− co variate structure was determined by using maximum-likelihood (ML) estimation. All model residuals were checked for normality and transformed if required. Potential heterogeneity of variances was tested using the Fligner test. Prior to conducting the gls we also tested the above-mentioned factors, including their interactions, using a linear mixed effect model; this model particularly allows an ad ditional test of the effect 'mesocosm.ID' on all res ponse variables using the nlme-package in R (Pinheiro et al. 2013) . As no random meso cosm iden tification (ID) effect could be detected (SD < 0.5), we decided to apply the gls for consecutive analyses.
To account for resulting significant interactions among the manipulated factors and time a 2-way ANOVA with the factors temperature and CO 2 and their interaction was calculated on growth rate, maximum biomass, and on bloom peak time, for all measures of biomass. All statistical analyses were conducted using R, Version Ri386 3.1.0 (R Development Core Team, R Foundation for Statistical Computing).
All data shown here are openly ac cessible from the database PANGAEA (doi.10.1594/ PANGAEA. 840852).
RESULTS
The measured initial pH (Day −3) in all treatments was 7.8, with the exceptions of M11 (cold, low CO 2 ; pH 8.0) and M1 (warm, low CO 2 ; pH 7.63). Over the course of the experiment pH increased under low CO 2 conditions (grand mean over time course and replicate mesocosm: 7.97, SD = 0.16) and decreased under high CO 2 conditions (grand mean ± SD over time course and replicate mesocosm: 7.61 ± 0.12) (Fig. 1A) . The calculated pCO 2 increased in all acidified mesocosms up to sampling Day 7 (Fig. 1B) . The decrease of pCO 2 from Day 9 on motivated us to add CO 2 -enriched water, which is reflected by the subsequent fluctuations in pCO 2 and pH (Fig. 1) . Mean pCO 2 values (grand means ± SD over time course and replicate mesocosms) were 439 ± 187 ppm) for low CO 2 and 1040 ± 210 ppm for high CO 2 , respectively (Fig. 1B) .
Growth and biomass of phytoplankton
Time course
All measures of biomass (i.e. phytoplankton carbon, chl a, POC) were affected by experimental time due to the build-up of blooms, and significantly decreased in response to the warming treatment. The latter effect, however, depended on the time of the experiment (significant interaction term time × temperature; Table 1 , Fig. 2A−C) . In other words, warming negatively affected phytoplankton biomass during the bloom, but not at times of low biomass in the post-bloom situation. Maximum values of phytoplankton carbon (but not chl a or POC) were marginally significantly lower in the warm treatments compared to the cold ones (Table 2, Fig. 3 ). CO 2 did not affect phytoplankton biomass as a main or inter -action effect with temperature or time (Tables 1 & 2 
The bloom time of phytoplankton carbon met our expectation that warming would lead to a significantly earlier biomass peak by 2 to 3 d ( Table 2 , Fig. 2A ). Phytoplankton carbon started below 10 µg l −1 ( Fig. 2A) Fig. 2B,C) . Chl a concentration started below 1 mg m −3 and reached peaks between Days 11 and 18 (Fig. 2B) . POC tended to increase earlier under warm conditions (Fig. 2C) . The highest values, however, were reached between Days 14 and 18 for all treatments.
Growth rate
In most of the cases the fit of the S-curve was sufficient to calculate growth rates from the start of the experiment to the peaks. There was no significant temperature or CO 2 effect on growth rates of all biomass measures (Table 2 ). In general phytoplankton showed 2 to 3 doublings d −1 during the growth phase (Fig. 4) . Phytoplankton carbon and POC, however, showed a slight trend towards faster growth under warming conditions (Fig. 4A,C) , but standard deviations were high. An interaction effect between temperature and CO 2 was not found (Table 1) .
Chemical composition of phytoplankton
The C:N ratios in cre ased significantly over the course of the experiment, independent of the manipulated factors (Table 1, Fig. 2D ). The C:P ratios were significantly higher at high er temperatures, but again the ef fect depended on experimental time (significant interaction time × temperature; Table 1 , Fig. 2E ). N:P ratios were not affected by the man ipulated factors or time (Table 1, Fig. 2F ).
Dissolved inorganic nutrients
The average initial nitrate/nitrite and ammonium concentrations were 3.7 and 4 µmol l −1 , respectively. The average initial silicate concentration was 19 µmol l −1 . Phosphate concentration was initially 1.5 µmol l −1 . Dissolved nutrient concentrations star ted to decline at the onset of the blooms. Whereas nitrate/nitrite and ammonium were depleted in all treatments by the end of the experiments, phosphate was still available at termination. Silicate was de pleted at the end only in the warm and high-CO 2 treatment. In the other treatment combinations silicate was still available. Temporal developments of all measured dissolved inorganic nutrients are shown in Fig. S1 
DISCUSSION
The influence of multiple stressors related to global change, such as increasing temperatures and CO 2 concentration, was hypothesized to synergistically affect phytoplankton biomass. In our study, testing both factors on a Baltic Sea autumn bloom, however, we could show that only warming, but not CO 2 , significantly affected phytoplankton biomass, bloom time, and biochemical composition. In particular, warming led to an earlier bloom and overall decline of phytoplankton biomass, but to higher C:P ratios.
Growth and biomass of phytoplankton
One reason for the absence of the CO 2 effect might be pre-adaptation of Baltic Sea phytoplankton communities to increased CO 2 levels because of pronounc ed natural short-term and seasonal fluctuations in CO 2 concentrations. Natural conditions in Kiel Fjord vary by ca. 0.7 pH units, and pCO 2 can reach short-term peak values of 4000 ppm in summer (Thomsen et al. 2010) as a consequence of upwelling of respiration-dominated deep water. Adaptation to a wide pCO 2 range for coastal phytoplankton in natural acidified waters has already been suggested as an explanation of the weak responsiveness of phytoplankton to CO 2 -enrichment (Feely et al. [2008] ) for the Pacific coast; Rossoll et al. [2013] for a summer Baltic Sea bloom). In fact, evolutionary adaptation via genotypic selection was shown for the calcifier Emiliania huxleyi after 500 generations (Loh beck et al. 2012 ). The coastal Baltic Sea short-term variability by far exceeds the atmospheric signal of 700 ppm pCO 2 (IPCC 2014) for the end of the 21 st century. Therefore, future mean conditions may not have a dramatic influence on diatom-dominated autumn blooms. However, impacts of future maximal values, which will prob ably exceed present-day values, cannot be excluded. Another possible reason for the absence of a main and interaction effect of CO 2 on phytoplankton growth and biomass might be that a potential positive fertilizing effect of CO 2 , in particular on diatom biomass, remained below the level of detection, because biomass was generally kept low by the presence of grazers. Zooplankton grazing in our system might potentially have masked enhanced phytoplankton growth due to increased CO 2 concentrations. This may be supported by a CO 2 -fertilizing effect in the phytoplankton carbon data (time course, maximum phytoplankton carbon, growth rate; see Figs. 2A, 3A, 4A) . Here, under both temperature treatments, biomass and growth rate tended to be higher, on average, under high CO 2 concentrations. In fact, in studies that found a positive effect of CO 2 on phytoplankton community growth or biomass, mesograzers were excluded prior to experimental treatments (Tortell et al. 2008 , Eg gers et al. 2014 , Feng et al. 2009 ). A thorough test for the suggested grazer effect would be a factorial ex perimental design manipulating CO 2 in the absence and presence of grazers.
The earlier onset of phytoplankton blooms due to higher temperatures can be explained by the fact that temperature is a major environmental factor controlling the metabolic rates of organisms and thus the initiation of biological processes in nearly all living species (Brown et al. 2004) . Although sampling every other day, instead of daily, potentially decreases the strength of our results, our findings were consistent with those of previous studies in which earlier bloom times followed an increase in temperature (Sommer & Lengfellner 2008 , Lewandowska & Sommer 2010 . The time-dependent biomass decrease in phytoplankton due to increased temperature, i.e. a temperature effect during bloom, largely matches the assumption that temperature has the potential to strengthen grazing because it is known to more strongly enhance heterotrophic than autotrophic processes (O'Connor et al. 2009 ). Our results also match those of the majority of studies published so far from the same geographical region that have investigated the temperature effects on spring blooms (Lewandowska & Sommer 2010 , Sommer & Lewandowska 2011 , Sommer et al. 2012a . Under spring conditions, and likewise the autumn conditions presented in this study, nutrient conditions were sufficient to ensure favorable growth conditions. At the same time, the eleva ted temperature increased copepod grazing rates and changed the bottom-up to topdown control of the phytoplankton biomass (Keller et al. 1999 , Le wan dowska & Sommer 2010 , Sommer et al. 2012a . Indeed, in our experiment, the development of copepods (Garzke 2014 , PANGAEA accession number, doi:10.1594 ) was faster at war mer temperatures. The metabolic demands of heterotrophs and hence feeding rates are known to rise with temperature (Brown et al. 2004 , O'Connor et al. 2009 ), which underpins the suggested in creased grazing pressure and, in that way, the observed lower phytoplankton biomass. However, as mentio ned before, it was unfortunately not possible to verify this effect with the present experimental design.
Changes in species composition during bloom as a possible reason for the observed changes in biomass can be excluded. The most dominant taxa (diatoms and cryptophytes, representing on average 83 and 10.5% of the total biovolume, respectively) and the species with the highest cell abundance (Skeletonema marinoi, Tele aulax acuta) showed no significant response to temperature or CO 2 (Sommer et al. in press, PANGAEA accession number, doi: 10. 1594/ PANGAEA. 840845) . Only pico-plankton, e.g. picochlorophytes and pico-cyano bacteria, showed a significantly higher abundance due to warming, but their contribution to total biomass was very low (<1%).
Nutrient limitation as a reason for lower phytoplankton biomass in response to warming can also be excluded. The average phosphate concentration (1.5 µmol l −1 ) matched the annual mean in the Kiel Fjord of 1.12 µmol l −1 (Nausch et al. 2011) . Concentrations of ammonium and nitrite/nitrate were also high enough to preclude nutrient limitation until the biomass peak was reached.
In contrast, increasing biomass with warming was found for 2 experimental early summer blooms (Taucher et al. 2012 , as well as for a Baltic Sea long-term field study (1979− 2011) by Suikkanen et al. (2013) . In summer conditions, nutrient concentrations are naturally low. Lewandowska et al. (2014) suggest that under such conditions phytoplankton are mainly controlled by the rate of nutrient delivery via reduced mixing and not by grazing. Warming under such conditions has a positive effect on phytoplankton biomass. Suikkanen et al. (2013) also suggested that warming was the key environmental factor explaining the general increase in total phytoplankton biomass in northern summer Baltic Sea communities in recent decades.
To the best of our knowledge, our study is one of the first to compare 3 different biomass parameters in response to manipulated climate change. Here we proved a time-dependent temperature effect for all 3 proxies (chl a, phytoplankton carbon, POC), but with unequal strengths. The inevitable shortcomings of the various parameters should be borne in mind when attempting to explain these diferences. Actual phytoplankton might have different cell volume to carbon relationships, as shown in the data base of Menden-Deuer & Lessard (2000) , and these may have affected our measure of microscopically derived phytoplankton carbon. POC contains considerable non-phytoplankton carbon (detritus, bacteria, heterotrophic protists), and the chl a content of biomass is subject to taxonomic and physiological variability (Moline & Prezelin 2000) , i.e. this might have led to an underestimation of diatom biomass.
Chemical composition of phytoplankton
We did not find a significant CO 2 effect or an interaction effect of warming and acidification on the C:N:P ratios. This may be due to the pre-adaption of phytoplankton to high CO 2 levels in the Baltic Sea and might explain the difference compared to studies of oceanic phytoplankton communities (Tortell 2000 , Eggers et al. 2014 which found significantly increased C:N ratios in response to increased CO 2 .
Instead, warming led to greater carbon accumulation per unit phosphorus (increased C:P ratio), i.e. higher temperatures seem to allow phytoplankton to yield a higher C-based biomass per unit P. Reasons could be physiological, as C accumulation might have been faster than P accumulation under warming conditions, due to the metabolic stimulation of carbon uptake processes. Another explanation could be temperature-induced higher POC content, as shown by De Senerpont Domis et al. (2014) ; this, however, was not found in our experiment. An increase in POC was potentially masked by high grazing pressure in warm treatments. On the other hand, the POP content did not differ between treatments (gls; t ≥ −1.3; p ≤ 0.16), indicating that P uptake processes were not stimulated by temperature. De Senerpont Domis et al. (2014) also explained the ob served higher C:P ratios by a better nutrient use efficiency, which enabled the fixation of carbon under higher temperatures. A possible reason for this might be the phenotypic adaptation of the entire community. They also suggested that colder temperatures contributed to lower C:P ratios by reallocation of nutrients to cellular compounds such as RNA and proteins. However, as we did not measure such values, we cannot substantiate this suggestion.
In contrast to the results we observed, the particulate matter C:P decreased in 3 of 4 experiments with Baltic Sea phytoplankton spring communities (Wohlers-Zöllner et al. 2012 ). There it was suggested that the turnover dynamics of organic phosphorus compounds shifted with warming (Wohlers-Zöllner et al. 2012). The faster replenishment of the POP pool was explained by the temperature stimulation of phosphorus cycling. In our study, particulate C:P ratios were generally low and clearly below Redfield ratio. However, dissolved inorganic phosphorus (DIP) concentrations were high throughout the ex periment (0.4 to 1.68 µmol l −1 ); hence, phosphorus was not limiting. Therefore, a potential stimulation of phosphorus cycling through warming did not have consequences for our autumn bloom.
Potential consequences of our results for the planktonic food web
Based on our results we suggest that in terms of food quality the food web will be marginally affected by warming and/or acidification. Furthermore, the increasing C:P ratios in response to warming are probably not deleterious for zooplankton feeding, because even the highest ratios were clearly lower than the usual C:P ratios in copepods (Sommer & Stibor 2002) , the dominant group of marine mesozooplankton. Thus, potential mineral nutrient limitation for higher trophic levels due to stoichiometrically imbalanced food (Sterner & Hessen 1994 , Elser et al. 2001 can be excluded for all treatment combinations in our study.
Conclusions
Our results show that ongoing ocean acidification seems to be less important for phytoplankton than ocean warming. We agree with Havenhand (2012) that most ecologically important groups in the Baltic Sea food web seem to be more or less robust to future acidification. The concurrent effects of warming in the present study suggest a stimulation of phytoplankton blooms which, at the same time, are subject to strong top-down control by the zooplankton. However, even mesocosm experiments with natural phytoplankton assemblages and their grazers, as presented in this study, represent snapshots of rapidly manipulated climate change effects. As such the simulated temperature changes reflect climate processes that develop in natural systems over decades and, hence, ignore the potential of biological communities to become acclimated over a longer period. Nevertheless, our results contribute to a deeper understanding of the relative importance of different aspects of climate change on phytoplankton blooms, which will be essential for predicting the effects of climate change in more detail. To further refine our understanding of the effects of multiple climate change factors on phytoplankton, future research should more thoroughly investigate the effects on different seasonal bloom events and the role of consumers. 
